Galacturonosyltransferases (GalATs) are required for the synthesis of pectin, a family of complex polysaccharides present in the cell walls of all land plants. We report the identification of a pectin GalAT (GAUT1) using peptide sequences obtained from Arabidopsis thaliana proteins partially purified for homogalacturonan (HG) ␣-1,4-GalAT activity. Transient expression of GAUT1 cDNA in the human embryonic kidney cell line HEK293 yielded uridine diphosphogalacturonic acid:GalAT activity. Polyclonal antibodies generated against GAUT1 immunoabsorbed HG ␣-1,4-GalAT activity from Arabidopsis solubilized membrane proteins. BLAST analysis of the Arabidopsis genome identified a family of 25 genes with high sequence similarity to GAUT1 and homologous genes in other dicots, in rice, and in Physcomitrella. Sequence alignment and phylogenetic Bayesian analysis of the Arabidopsis GAUT1-related gene family separates them into four related clades of GAUT and GAUT-like genes that are distinct from the other Arabidopsis members of glycosyltransferase family 8. The identification of GAUT1 as a HG GalAT and of the GAUT1-related gene family provides the genetic and biochemical tools required to study the function of these genes in pectin synthesis.
P
ectins are structurally complex plant cell-wall polysaccharides that contain 1,4-linked ␣-D-galactopyranosyluronic acid residues. Galacturonic acid (GalA) is the most abundant glycosyl residue in the three types of pectin present in all plant primary walls: homogalacturonan (HG), rhamnogalacturonan I (RG-I), and rhamnogalacturonan II (RG-II) (1) . Pectin accounts for Ϸ35% of dicot and nongraminaceous monocot primary walls and Ϸ10% of the primary wall of grasses (2) . Pectins are also present in the walls of gymnosperms, pteridophytes, and bryophytes as well as Chara, a charophycean algae that is believed to be the closest extant relative of land plants (3) .
Numerous studies show that pectins contribute to the physical and biochemical properties of the wall (1) and are required for normal plant growth and development (4) . A complete understanding of pectin function requires knowledge of pectin biosynthetic enzymes and their corresponding genes. Although the enzyme activities of proteins encoded by some pectin biosynthetic genes, particularly those involved in the synthesis of sugar nucleotides, have been elucidated (5) (6) (7) (8) (9) , the activities of putative pectin biosynthetic glycosyltransferases [e.g., QUA1 (10) and NpGUT1 (11) ] have not been definitively demonstrated.
HG is a polymer of ␣-1,4-linked GalA that accounts for Ϸ65% of pectin. ␣-1,4-Galacturonosyltransferase (GalAT) activity has been identified in numerous plants (12) and shown to be membrane-bound in all species studied. Work in pea localized HG:GalAT activity to the luminal side of Golgi vesicles (13) , the same location as pectin synthesis (14, 15) . The most extensive study of HG:GalAT activity was done in tobacco (16, 17) , and characteristics of the tobacco enzyme are comparable with the activity described in other plant species.
In vitro, GalAT transfers GalA from uridine diphospho-GalA (UDP-GalA) onto endogenous acceptors to produce pectic products with molecular masses of 100 kDa to Ͼ500 kDa (13, 16) . Establishment of conditions to recover detergentsolubilized GalAT activity from membrane fractions (17) and in vitro studies using radiolabeled substrate (17) or fluorescently tagged (18, 19) acceptors established that, in vitro, GalAT preferentially transfers GalA onto the nonreducing end (20) of HG oligosaccharide acceptors [oligogalacturonides (OGAs)] of a degree of polymerization (DP) Ͼ9 (17, 18) , although OGA acceptors as small as a trimer can be used (18, 19) . Polymeric pectins, such as poly-GalA and pectin, are less favorable substrates (21) . Membrane-permeabilized GalAT activity from pumpkin yielded a population of OGAs elongated by up to five galacturonosyl residues (19) , whereas the solubilized petunia enzyme added up to 27 galacturonosyl residues onto the OGA acceptors (18) . Clarification of the mode of action of GalAT(s) and the mechanism of HG synthesis requires access to purified or recombinantly expressed enzyme(s).
A protein-purification approach was taken to identify an Arabidopsis thaliana gene encoding HG:GalAT, because no gene encoding an enzymatically verified GalAT has been identified in any organism. GalAT was partially purified from Arabidopsis suspension-cultured cells and bioinformatics together with peptide sequence data were used to identify two putative GalATs. Functional characterization of the protein encoded by one of these genes (At3g61130), by using numerous biochemical methods, provides compelling evidence that this protein is a HG:GalAT (16) . We therefore named this gene galacturonosyltransferase 1 (GAUT1).
GalAT fraction was treated with trypsin, and resulting peptides were sequenced by liquid chromatography tandem MS. The peptide sequences obtained were screened against the Arabidopsis genome, revealing two related proteins (JS33 and JS36) that correspond to coding sequences At2g38650 and At3g61130, respectively (see Fig. 5A and Table 2 , which are published as supporting information on the PNAS web site). Both sequences are predicted to encode glycosyltransferases with type II membrane topology (23), C-terminal catalytic domains with consensus sequences clustered in CAZy glycosyltransferase family 8 (24) , and to have basic isoelectric points. These characteristics are consistent with the known in vitro biochemical properties of GalATs (17, 20) . The predicted catalytic domains also contain DxD motifs, a conserved motif present in many well characterized glycosyltransferase families (25) and involved in the coordination of divalent cations (26) . RT-PCR showed that transcripts from both genes are present in Arabidopsis flowers, roots, stems, and leaves (see Fig. 6 , which is published as supporting information on the PNAS web site).
cDNA constructs containing N-terminally truncated versions of JS33 (JS33⌬1-43) and JS36 (JS36⌬1-41) downstream of a Trypanosoma cruzi mannosidase signal sequence, a polyhistidine tag, and two copies of a hemagglutinin (HA) epitope in the mammalian expression vector pEAK10 were generated ( (Fig. 1A) . No GalAT activity was recovered from immunoprecipitates of the JS33⌬1-43 or empty vector-transfected cells. These results provided evidence that JS36 encoded a GalAT that catalyzes the transfer of GalA from UDP-GalA onto HG, thus, we named JS36 GAUT1.
Immunoabsorption of GalAT Activity from Partially Purified Arabidopsis SP-Fraction by Using GAUT1 Antiserum. To confirm that GAUT1 was involved in HG synthesis, GAUT1 antiserum was produced and used in an immunoprecipitation assay to deplete GalAT activity present in partially purified protein preparations from Arabidopsis suspension-cultured cells. The GAUT1 antiserum contained antibodies that recognized native (by immunoabsorption) and denatured (by Western analysis) recombinantly expressed truncated GAUT1 (see Fig. 7 , which is published as supporting information on the PNAS web site) and an Ϸ60-kDa protein present in the partially purified Arabidopsis SP-Sepharose fraction. The GAUT1 antiserum immunodepleted GalAT activity from the Arabidopsis SP-Sepharose fraction (Fig. 1B, open diamonds) . Furthermore, GalAT activity was immunoabsorbed by the conjugated GAUT1 antiserum in a dose-dependent manner (Fig. 1B black boxes) , confirming that GAUT1 is a GalAT. Western analysis of the depleted fraction using increasing amounts of GAUT1 antiserum (see Fig. 8A , which is published as supporting information on the PNAS web site) demonstrated the progressive disappearance of the 60-kDa protein band from the SP-Sepharose fraction. Conversely, the 60-kDa band appeared in the immunoabsorbed fractions with increasing amounts of GAUT1 antiserum (Fig. 8B) .
The ability of anti-GAUT1 immunoprecipitates to elongate OGAs was established by testing the sensitivity of the OGA products to cleavage by a HG-specific exopolygalacturonase (EPG) ( Fig. 2 A and B) . The bulk (98.9%) of the product synthesized by the anti-GAUT1 immunoprecipitates was cleaved by treatment with EPG ( Fig. 2 A, compare columns 7 and 8 with column 9), demonstrating that the synthesized products are HG. Furthermore, polyacrylamide-gel electrophoresis of the products generated by reacting anti-GAUT1 immunoprecipitate with UDP-GalA and trideca-GalA revealed the appearance of OGAs of increasing size (14-mer to 21-mer) in a time-dependent fashion (compare lanes 10-12 in Fig. 2B ). Conversely, only a slight increase in the size of the OGAs was observed in the immunodepleted fraction (Fig. 2B , lanes 7 and 8). The sensitivity of the elongated OGAs made by anti-GAUT1 immunoprecipitates to treatment with EPG (Fig. 2B , lane 13) clearly demonstrates that the GAUT1 antiserum immunoabsorbs HG:GalAT activity. BLAST analysis of GAUT1 amino acid coding region against the Arabidopsis genome identified JS33 and 13 additional coding sequences with 36-68% amino acid sequence identity and 56-84% sequence similarity to GAUT1 (genes GAUT 1-15; see Table 3 , Immunoabsorption of GalAT activity from Arabidopsis solubilized membrane proteins by using GAUT1 antiserum. Solubilized Arabidopsis membrane proteins partially purified by SP-Sepharose chromatography were incubated with increasing amounts of GAUT1 antiserum-coated Dynabeads, and proteins immunoabsorbed by anti-GAUT1 antibodies were magnetically separated from the SP-Sepharose fraction. GalAT activity was measured in both anti-GAUT1 immunoabsorbed (black boxes) and depleted (open diamonds) fractions and compared with similar fractions obtained by using preimmune serum (Inset). Open bar, preimmune serum immunodepleted fraction; filled bar, preimmune serum immunoabsorbed fraction.
GAUT1 and JS33 Are Part of a Multigene Family in Arabidopsis.
which is published as supporting information on the PNAS web site). An additional 10 sequences with reduced sequence identity to GAUT1 (23-29% identity and 42-53% similarity) were also identified and named the GalAT-like (GATL) genes (GATL 1-10). We suggest that all 25 Arabidopsis genes represent putative GalATs and have grouped them into a GAUT1-related gene superfamily (Table 3) .
Sequence alignment of the 25 proteins by using CLUSTALX (27) revealed a high degree of alignment (see the first 25 entries in Fig. 9 , which is published as supporting information on the PNAS web site) and the presence of several highly conserved domains (Fig. 3A) in addition to the DxD motif (25) 
is unique to the entire GAUT1-related superfamily. The Arabidopsis GAUT1-related superfamily members and orthologous proteins from rice, tobacco, and chickpea were the only sequences identified when this motif was used in a BLAST search of the SWISSPROT, TrEMBL, and BDP databases. Amino acid motifs were also identified that specifically discriminate the GAUT and GATL subclasses within the GAUT1-related superfamily. The GAUT family motif (
Arabidopsis GAUT genes and their orthologues in other plants.
GAUT genes are all predicted to encode proteins with molecular masses between 61 and 78 kDa ( Table 3 ). Most of the GAUT genes are likely to encode type II membrane proteins (23) that contain a putative transmembrane domain in their hypervariable N-terminal region (Fig. 3A) . In agreement with this predicted topology, GAUT1 antiserum immunoabsorbs HG:GalAT activity, and such activity has been shown in pea to localize to the Golgi lumen (13) . Furthermore, Arabidopsis GAUT1 protein has been localized to the Golgi (28) . Three of the GAUT proteins (GAUT 3, 4, and 5) contain an N-terminal signal peptide rather than a transmembrane domain (Table 3) . GAUT2 is the only member of the GAUT family that is predicted to contain no N-terminal transmembrane domain and no signal peptide. The GATL proteins have molecular masses between 39 and 44 kDa and are predicted to contain only a signal peptide at their N termini, suggesting that these proteins are not integral membrane proteins but are processed into the secretory pathway, a location consistent with a function in pectin synthesis.
The 25 proteins in the GAUT1-related superfamily belong to CAZy glycosyltransferase family 8 (24) , which contains a total of 40 Arabidopsis proteins. We suggest that a splitting of CAZy family 8 be considered, based on functional and sequence-based analyses. Many of the current family-8 proteins are functionally annotated as being galactosyl-or glucosyltransferases, activities that are clearly distinct from the GalAT activity identified for GAUT1 and attributed to the other GAUT1-related proteins discussed here. Multiple sequence alignments of the Arabidopsis family-8 proteins revealed only a single region of sequence similarity across all 40 Arabidopsis proteins centered about the DxD motif. Even the DxD region common to the 40 Arabidopsis family-8 proteins contains differences that permit a distinction between the GAUT1-related family and the other family-8 proteins. For example, the GAUT1-related genes have a D-[DHS]-DxxxxxD motif, whereas the equivalent motif in the other family-8 proteins is D-[AG]-D that lacks the final D (Fig. 9) . Furthermore, members of the GAUT1-related family have conserved amino acid motifs not found in any of the other Arabidopsis family-8 proteins (Fig. 3A) . We believe that splitting family 8 as we suggest allows for evolutionarily more meaningful comparisons among this group of proteins.
Phylogenetic Analysis of the GAUT1-Related Superfamily. Phylogenetic analysis of the 25 GAUT1-related superfamily members show that they cluster into four distinct clades, with highly significant clade credibility values (Fig. 3B) . The GAUT proteins cluster into three clades: GAUT-A (GAUT1-7), GAUT-B (GAUT8-12), and GAUT-C (GAUT12-15). All members of the GATL family cluster tightly into a distinct clade that is most closely related to GAUT15.
Our phylogenetic analysis of these proteins differs in significant respects from a published analysis (29) , carried out by using CLUSTALW, particularly with respect to the phylogeny of the GAUT proteins. Our Bayesian analysis was restricted to the 25 GAUT1-related superfamily of proteins and included two proteins [GAUT11 (At1g18580) and GAUT5 (At2g30575)] not included previously. Our analysis also specifically excluded those family-8 proteins that show no substantial regions of sequence alignment with GAUT1. Bayesian analysis yields a different set of clades within the GAUT subfamily of proteins than observed previously. QUA1 and GAUT1 fall into clearly distinct clades in our analysis, whereas they had been grouped previously into the same clade. Functional characterization of additional members of the GAUT1-related superfamily should resolve which of the two models best describe the evolutionary relationships among these proteins.
A BLAST search of the National Center for Biotechnology Information (NCBI) (www.ncbi.nlm.nih.gov͞entrez͞query.fcgi) and TIGR (www.tigr.org) databases indicates the presence of several protein sequences from other plant species with significant identity to GAUT1. Phylogenetic analysis of available sequences from multiple species demonstrates that proteins with the most similarity to GAUT1 are present in soybean (TC207293), barrel medic (TC108344), tomato (TC154813), maize (TC272016), chickpea (CAB81547), and Physcomitrella (Contig3305). A search of the rice genome also reveals multiple proteins with high sequence similarity to members of the GAUT1-related superfamily. For example, the rice proteins Q652K2 and Q5Z7Z8 appear to be orthologues of GAUT1.
Other gene sequences from rice (e.g., BAC06990) cluster into specific clades within the Arabidopsis phylogenetic tree. These results strongly suggest that GAUT1 and other members of the GAUT1-related superfamily are highly conserved in vascular and nonvascular plants.
Proposed Role in Pectin Synthesis. Pectin consists of HG, RG-I, RG-II, and, in some tissues and species, xylogalacturonan and apiogalacturonan (1) . The precise nature of the linkages between these pectic polysaccharides in the wall remains controversial (30) , although the available evidence supports a linkage via the backbones of the polymers (31) . Clearly, the synthesis of pectin requires the coordinated action of numerous GalATs (at least one HG:GalAT, one RG-I:GalAT, and two to three RG-II:GalATs) (12) . We propose that multiple members of the GAUT1-related gene family encode GalATs involved in different aspects of pectin synthesis. Consistent with this hypothesis, a survey of the Arabidopsis massively parallel signature sequencing (MPSS) database, the Arabidopsis microarray database GENEVESTIGATOR (www.genevestigator.ethz.ch) (32) , and the whole-genome arrays of Arabidopsis (33) show that most members of the GalAT superfamily are expressed, at varying levels, in all of the major tissues of Arabidopsis (see Table 4 , Fig. 3 . Characterization of the Arabidopsis GAUT1-related gene superfamily. (A) Schematic representation of domain structure and conserved amino acid motifs in the Arabidopsis GAUT and GATL proteins. Positions of conserved residues found in the GAUT family are numbered relative to GAUT1. Residues 22-44 represent a predicted transmembrane region. The positions of conserved residues in the GATL family are numbered relative to GATL1. The conserved amino acid residues within the motifs diagnostic for the GAUT1-related superfamily and the GAUT and GATL subfamilies are shown. (B) Phylogenetic analysis of the GAUT1-related superfamily in A. thaliana. Alignment of the complete sequences of all 25 members of the GAUT1-related superfamily was carried out with CLUSTALX (27) using parameters suggested by Hall (44) . Bayesian analysis employing the program MRBAYES (45, 46) was used to infer phylogenetic relationships among the members of the superfamily and to group the protein sequences into related clades. The analysis was carried out for 100,000 generations using a mixture of amino acid transition parameter models. The phylogram presented is the majority rule tree. Percentage clade credibility values for each branch are given in parentheses.
which is published as supporting information on the PNAS web site).
Our recent analysis of walls from homozygous mutants of 12 members of the GAUT1-related gene family shows that mutants in 9 of the genes have significant reductions in the amount of GalA in their walls (K. Caffall and D.M., unpublished data), providing support for a function of other GAUT1-related genes as GalATs. Furthermore, plants carrying mutations in two members of the Arabidopsis GAUT1-related superfamily (gaut8͞ qua1) and (gatl1͞parvus͞glz1) have been described in refs. 10, 29, 34, and 35.
Qua1 mutant plants are dwarfed and have reduced cell adhesion and 25% reduced levels of GalA in their leaves. However, the pleiotropic effects of the mutation on glycosyltransferase activities make it difficult to specify the enzymatic function of the mutated gene (35) . Our studies show that GAUT8͞QUA1 is a member of the GAUT1-related superfamily and support the argument that GAUT8͞QUA1 functions as a GalAT. Definitive proof will require expression of enzyme activity.
The parvus͞glz1 mutants are semisterile dwarf mutants. The neutral sugar compositions of parvus͞glz1 walls differ from wild-type walls in glycosyl residues found in RG-I. Because the levels of GalA in the parvus͞glz1 walls were not determined, it is not known whether parvus͞glz1 walls are altered in GalA content. Nevertheless, the phenotypes of plants carrying a mutation in the GATL1͞PARVUS͞GLZ and GAUT8͞QUA1 genes, together with the location of these proteins in different clades of the GAUT1-related superfamily, support the argument that GAUT8͞QUA1 and GATL1͞PARVUS͞GLZ function as putative GalATs involved in pectin synthesis.
The identification of GAUT1 as a HG GalAT provides the molecular tools required to elucidate the biochemical mechanism(s) of HG and pectin synthesis. Biochemical and functional studies of GAUT1 and other members of the GAUT1-related gene family are expected to increase our understanding of the biological roles of pectin in plants and may lead to enhanced agricultural productivity and development of pectin-based pharmaceuticals and industrial polymers.
Materials and Methods
For a detailed version of this section, see Supporting Materials and Methods, which is published as supporting information on the PNAS web site.
Plant and Mammalian Cell Cultures. Cell-suspension cultures of A. thaliana (cv. Columbia) (22) were collected during exponential growth by filtration, washed extensively with water, and stored at Ϫ80°C until use. HEK293 cells (Edge Biosystems, Gaithersburg, MD) were grown in bicarbonate-buffered, Dulbecco's modified Eagle's medium (Sigma), pH 7.4, containing glucose (4.5 g͞liter) and supplemented with 10% (vol͞vol) FBS (Sigma), 0.6 g͞liter L-glutamine, 100 g͞ml streptomycin sulfate, and 100 units͞ml penicillin.
Preparation of SP-Sepharose-Purified Arabidopsis Membrane Proteins. Detergent-solubilized membrane proteins from suspension-cultured Arabidopsis cells (22) were loaded onto a SPSepharose column and bound proteins eluted by using a NaCl step gradient (see Supporting Materials and Methods for details). Proteins eluting with 300 and 400 mM NaCl were pooled, desalted, and stored at Ϫ80°C until use.
Partial Purification of GAUT1 and Identification by Liquid Chromatography Tandem MS. Desalted SP-Sepharose fraction was fractionated over Reactive yellow 3 and UDP-agarose columns, and the fraction most enriched for GalAT activity (see Supporting Materials and Methods and Table 1 for details) was treated with sequencing grade, modified trypsin (Promega). Resulting peptides were dialyzed overnight and analyzed by using a Q-TOF2 (Waters Micromass, Milford, MA) tandem mass spectrometer with a Waters CapLC delivery system. Survey MS spectra, acquired from 450-1,700 mass units, were used to identify peptide sequences. Sequences were probed against the Arabidopsis genome and proteins identified by using the Mascot search engine (www.matrixscience.com) and a peptide and tandem MS tolerances of Ϯ2 and Ϯ1, respectively.
Cloning of JS33 (GAUT7) and JS36 (GAUT1).
A full-length cDNA encoding JS33 (GenBank accession no. AY091448) in vector pUNI51 was obtained from the Arabidopsis Biological Resource Center (ABRC, Columbus, Ohio). N-terminally truncated JS33 (JS33⌬1-43) lacking the putative transmembrane domain was generated by PCR using the sense primer FJS33Ntru (5Ј-ttattacccggggaattccacaatggctttcactctcctggattt-3Ј) and the antisense primer RpUNI51 (5Ј-ggcggctatgatctcggcggccgctagaattg-3Ј). The primers contained restriction sites for SmaI and NotI, respectively (underscored in the primer sequences).
A version of JS36 (GenBank accession no. NM115977) lacking its putative N-terminal transmembrane domain was generated (JS36⌬1-41) from total flower RNA by using RT-PCR and the gene-specific sense primer FJS36Ntru (5Ј-ttattacccggggaattccgaggagtgtatatcgattcctcaaatg-3Ј) and antisense primer RJS36 (5Ј-gcggccgcattttattcatgaaggttgcaacgacg-3Ј). The primers contained restriction sites for SmaI and NotI, respectively (underscored in the primer sequences).
Expression of JS33 and JS36 in HEK293 Cells. Purified PCR products for truncated JS33 and JS36 were cloned into pCR2.1-TOPO (Invitrogen), and SmaI͞NotI fragments were subcloned into the mammalian expression vector pEAK10 (Edge Biosystems) along with an N-terminal HindIII͞SmaI fragment containing a T. cruzi mannosidase signal sequence, a polyhistidine tag, and two copies of the HA epitope (36) . HEK293 cells (37) transiently transfected with 25-30 g of DNA were incubated at 37°C for 48 h before harvesting.
Production of Polyclonal Antisera. Soluble, tetrameric multiple antigenic peptides corresponding to JS36 (GAUT1) amino acid sequences 448-472 (AMREYYFKADHPTSGSSNLKYRNPK) coupled to a trilysine core were synthesized at the Molecular Genetics Instrument Facility at the University of Georgia and used to produce polyclonal antibodies. Two rabbits (New Zealand White) were immunized (0.5 ml of 0.3 mg⅐ml Ϫ1 antigen), maintained and bled by the Polyclonal Antibody Facility at the University of Georgia.
Magnetic Bead Immunoabsorption of GalAT Activity. Solubilized SP-Sepharose-purified Arabidopsis membrane proteins containing GalAT activity were used for immunoprecipitation experiments (see Supporting Material and Methods for details). M-280 sheep anti-rabbit IgG-coupled Dynabeads (Dynal Biotech, Lake Success, NY) in PBS (6-7 ϫ 10 8 beads per ml) were incubated for 2 h at 4°C with undiluted anti-GAUT1 antiserum at a ratio of 3:1 (vol͞vol). Conjugate was washed and mixed with Arabidopsis SP-Sepharose fraction (0-160 l of antiserum per 240 l of SP-Sepharose fraction) by rotation for 2 h at 4°C. Washed immunoprecipitates and anti-GAUT1-depleted supernatants were analyzed by Western analysis and by using a GalAT filter assay (38) . GalAT reactions containing 30 l of enzyme, 50 mM Hepes, pH 7.3, 0.2 M sucrose, 0.05% (wt͞vol) BSA, 25 mM KCl, 90 g of OGAs (DP 7-23), 6.9 M UDP-D- [ 14 C]GalpA (specific activity 196 mCi⅐mmol Ϫ1 ) (1 Ci ϭ 37 GBq), and 1.25 mM MnCl 2 in a total reaction volume of 60 l were incubated for 2 h at 30°C. Reactions were terminated by the addition of 10 l of 0.4 M NaOH.
